Pcllicular fragments wcre isolatcd from ethanol-fixed cclls of the holotrichous ciliatc Tetrahymena pyriformis by thc action of digitonin. Thc isolated pellicles were further fragmentcd and thc basal bodics of thc cilia isolatcd from them by three methods. Thc preparations, cxamincd in the electron microscopc as cmbeddcd scctions or negatively staincd samplcs, consisted mainly of somewhat dcformcd pcllicular material, the bulk of which was basal body. DNA was detcrmincd by the diphcnylaminc mcthod and by rcaction with DNase, and RNA, by the orcinol method. Nucleic acids were isolatcd by phenol extraction and analyzed spcctrophotomctrically and by reaction with RNase. The assays indicated 1.2 to 2.6 pcr cent RNA, similar to previously published work, but only 0.0 to 1.0 per cent DNA, near cnough thc scnsitivi W limits to render the presence of DNA in thc preparations uncertain. Although thc isolation proccdurc rcmovcd nuclcar contcnts and ribosomes, the nucleic acids could still be a rcsidual contaminant bound to the pellicle during the isolation. Hypotheses of basal body self-duplication, morcover, can bc constructed both with and without nuclcic acids.
At the pole of astral-type mitotic cells and at the base of the cilium is a structure involved in the morphogenesis of organelles. It is called a centriole in the former location and a basal body, kinetosome, or blepharoplast in the latter but is morphologically the same in both places (7, 12, 14, 16) . In some cellular life cycles, the same structure may even fulfill both roles at different times (e.g. references 6, 41) . This structure's presence just before appearance of the mitotic apparatus (7, 14, 41) or ciliary shaft (35, 40) suggests that it has a causative role in their formation (25) .
Both centrioles and basal bodies have been reported to duplicate themselves (25) . For example, light microscopic examination of asters in dividing cells (6, 26) and electron microscopy of sections (14, 15) suggest that "procentrioles," differing from centrioles only in length, form about parent centrioles. Lwoff (23) claimed, on the basis of careful light microscopic observations, that basal bodies divide, and Seaman (38) implied that a nucleic acid content and various enzymatic activities would be useful in such self-duplication.
Only cytochemical methods could locate nucleic acids in basal bodies with certainty, but attempts have yielded no conclusive results (e.g., reference 31). The isolation of pellicles of the holotrichous ciliate, Tetrahyrnena pyriformis, (4) and from them basal bodies reported to contain relatively large amounts of nucleic acid (38) and to be capable of synthesizing protein (39) , permitted an indirect approach. However, as Pitelka (30) has pointed out, confirmation of the identity of these supposed isolated basal bodies was not carried out and must precede any conclusions.
This paper will present the results of an electron microscope investigation of some pellicularfragment and basal-body preparations and a chemical examination of their nucleic acids. Pellicular fragments and particle preparations produced by a modification of Seaman's method (38) were sectioned, and the products of a more gentle isolation method, similar to that of Argetsinger (1), were negatively stained with phosphotungstic acid. Nucleic acids were determined in several samples by chemical and enzymatic reaction and isolated by phenol extraction. On the basis of present evidence the existence of nucleic acids in the basal body in situ will be considered and hypotheses of duplication discussed.
MATERIALS AND METHODS

Preparation of Pellicular Fragments
Tetrahymena pyriformis, strain S, obtained from Dr.
Gerald R. Seaman (University of Texas, Galveston), was grown axenically in 5 liters of 1 per cent BactoPeptone (Difco Laboratories, Inc.) with 0.1 per cent yeast extract and 0.5 ml of Antifoam 60 (General Electric) in a 13-liter New Brunswick Fermentor (New Brunswick Scientific Company, New Brunswick, New Jersey) at 24°C. The broth was inoculated with 200 ml of a 2 )< l0 t cell/ml culture, aerated at a rate of 4 liters per minute, and stirred at 125 RPM. Ceils were harvested after 48 hours (about 2 )< 105 cells/ml) in a Super-centrifuge (The Sharpies Corporation, Philadelphia, Pennsylvania) at 3800 RPM and 4°C with a flow rate of 0.3 liter per minute. The harvested cells were washed twice in distilled water by dilution to 1 liter and centrifugation for 3 minutes in a swingout head at 650 g (all centrifugal fields refer to tip of vessel). Sedimented cells were in every case quickly resuspended and aerated with a rubber bulb-operated pipette after withdrawal of the supernatant. The resulting 50 to 60 ml of concentrated but still motile cells were poured into a stainless steel beaker in a --15°C salt-ice bath while an equal volume of 80 per cent (v/v) ethanol at --50°C was added with vigorous stirring at the rate of 1.5 rrd per second. After 3 to 4 hours of storage at --15°C, cells were removed from ethanol, stripped of their cilia by centrifugation at --15°C for 15 minutes at 800 g, and resuspended at 0°C in about 80 nil of 1 per cent digitonin (obtained from General Biochemicals, Chagrin Falls, Ohio) dissolved in 0.4 M KC1. The resulting pellicular fragments were harvested and washed twice in 80 ml of 0.25 M sucrose by centrifugation at 0°C for 10 minutes at 1,000 g. The preparations were observed by means of a Zeiss Photomicrnscope with 40 X apochromat (na 1.00) or 100 M neofluor (na 1.30) phase contrast objectives.
Isolation of Basal Bodies
Three methods were used : first, one essentially that of Seaman (38) ; secondly, a modification of Seaman's method in which pellicles were fixed with osmium tetroxide before grinding; and thirdly, a procedure in which the pellicular membrane was weakened with ether and fragmented by shear. In all three, solutions were immersed in an ice bath when not handled in a cold room (2 °C) unless otherwise noted.
THE QUARTZ METHOD
: This procedure was the method of Seaman (38) except that only one ammonium sulfate precipitation with 0.120 gm of the salt per ml of ground pellicle suspension was used. The resulting precipitate was discarded, the supernatant dialyzed against Tris-cysteine buffer (0.005 M tris(hydroxymethyl)aminomethane and 0.001 M eysteine), and the basal bodies harvested by centrifugation at 27,000 g.
Seaman (38) had precipitated the first fraction with 0.144 gin of salt per ml (0.25 saturation, see reference 18), brought the supernatant to full saturation with ammonium sulfate, harvested basal bodies at 17,000 g and resuspended them in buffer before overnight dialysis. Although the saturated salt may be of importance in preserving enzyme activity (9) , in preliminary experiments the aggregates thus formed often rose to the top of the dense medium instead of sedimenting. THE 
FIXATION-QUARTZ METHOD
: Concentrated pellieular fragments diluted to 5 to 7 rnl in 0.25 M sucrose were fixed by addition of 1 to 2 ml of 1 per cent osmium tetroxide with 0.002 M calcium chloride in Veronal-acetate buffer (0.026 M sodium barbital and 0.047 M sodium acetate) at pH 7.4 for 15 to 30 minutes at room temperature. Then 15 ml of 0.25 i sucrose was added to dilute the fixative, and the suspension was centrifuged for 15 minutes at 4,000 g. The yellowish pellet was put through the quartz grinding steps, and the resulting suspension centrifuged at 4,000 g to remove larger cytoplasmic particles. The supernatant was dialyzed against Triscysteine buffer to decrease the sucrose concentration, and kinetosomes were harvested by centrifugation at 27,000 g. Ammonium sulfate precipitation was not used since addition of even a little salt caused formation of mixed aggregates including basal bodies.
THE ETHER METHOD
: Concentrated pellicular fragments were washed with Tris-cysteine buffer, diluted to 5 ml, and extracted 5 times with absolute ether in a small ground glass-stoppered vessel. Ether was removed by a stream of nitrogen and the suspension expelled several times from a syringe through a No. 21 hypodermic needle. Next the suspension was layered over 1 ml of 0.67 M sucrose in each of two 15 ml conical tubes and centrifuged for 20 minutes at 2,500 g. The supernatant, a purified basal body suspension, was saved, the lowest sediment discarded, and the band at the interface of the two solutions diluted with 2 ml of fresh buffer, layered, and centrifuged again. Three or four centrifugations sufficed to extract a good portion of the basal bodies from the suspension with efficient removal of larger cytoplasmic particles as judged by the relative concentration of oral apparatus in the band and at the bottom. Basal bodies were washed by dilution of the combined supernatants with 15 ml Tris-cysteine buffer and centrifugation for 30 minutes at 22,000 g.
Electron Microscopy
Whole ceils, pellicular fragments, and basal bodies prepared by the quartz and fixation-quartz methods were embedded and sectioned. Pellicular fragments and ether-prepared basal bodies were negatively stained. All were examined in an RCA EMU 3F electron microscope with a 100-kv beam and single condenser lens.
For sectioning, samples were fixed in 2.5 per cent glutaraldehyde (36) in Veronal-acetate buffer for 20 to 40 minutes, washed in fresh buffer, and fixed for an equal length of time in the osmium tetroxide solution previously described. Dehydration was carried out in 10 to 20 minute changes of 50 per cent (2 changes), 75 per cent, 95 per cent, and absolute (2 changes) ethanols. Infiltration by methacrylate monomer (a mixture of 2 parts ethyl and 3 parts n-butyl methacrylates with 1 gm benzoyl peroxide per 100 ml liquid, dried before use by filtration through powdered anhydrous sodium sulfate) was performed in three steps, usually 20, 40, and 20 minutes each. Samples were then pipetted into gelatin capsules and polymerized at 60°C. Sections were cut on an LKB microtome with glass knives at settings of 40 to 70 m# and mounted on 200-mesh copper grids filmed with Parlodion and coated with carbon. Sections on grids were stained with potassium permanganate (22) and overlaid with a methacrylate membrane to decrease sublimation of the embedding medium (32) .
For negative staining, a 2 per cent phosphotungstic acid solution (brought to neutrality by addition of concentrated sodium hydroxide) containing 0.01 per cent bovine serum albumin was mixed with the sample to a final concentration of 0.5 per cent. A capillary tube was used to stir the mixture and to place a droplet on a filmed, carbon-coated 400-mesh grid clamped in a pair of forceps. After a minute or two excess liquid was withdrawn with filter paper, and the grid put into the microscope before drying.
Nucleic Acid Determinations
DNA was determined by reaction of diphenylamine with samples of isolated pellicular fragments and basal bodies that had been heated in 0.5 N perchloric acid at 70°C for 15 minutes (2). The reaction was measured by the difference between absorbance at 595 and 650 m/z (8) . Interference from other substances in the sample, indicated by nearby absorbance peaks (8), was not observed.
RNA could not be determined directly in basal bodies or pellicular fragments by the orcinol reaction (27) because of interfering colors (reference 8, p. 301). Therefore, aliquots of some samples were also submitted to the Schmidt-Thannhauser treatment, overnight incubation in 1 N NaOH at 37°C, which preferentially dissolves and hydrolyzes RNA (37) . The aliquots were then neutralized with HC1, perchloric acid was added by drops to 0.1 N at 0°C, and the suspension centrifuged at 2,500 g for 30 minutes. The supernatant was assayed for RNA by reaction with orcinol (27) measured by the difference between absorbances at 665 and 600 m#.
The remaining sediment was assayed for DNA (37) by reaction with deoxyribonuclease. Half of the sediment, resuspended in 0.9 per cent saline 0.005 M Mg C12, at neutral pH, was incubated 20 hours at 25°C with 0.002 mg/ml of lx crystallized pancreatic deoxyribonuclease (Worthington Biochemical Corporation, Freehold, New Jersey) (19) . Both portions of the suspension were then brought to 0.1 N in cold perchloric acid and centrifuged for 30 minutes (2,500 g), and the ultraviolet absorption spectra of the two supernatants were compared in a Cary recording spectrophotometer. The enzyme-treated supernatant now contained the nucleotide hydrolysis products of any DNA originally present, and thus its 260-m/.~ absorbance was 1 a/~ its original value (19) . DNA, insoluble in 0.1 N perchloric acid, had been removed from the control by the centrifugation.
The total nucleic acid content of phenol-extracted material was estimated from absorbance at its peak, 260 m#. RNA content of freshly extracted material was estimated from the 260 m/z absorbance increment after addition to the cuvette of 0.01 mg/ml 3x crystallized pancreatic ribonuclease (Worthington Biochemical Corporation) in distilled water. The enzyme treatment increases the portion of the 260-mp absorbance contributed by originally polymerized RNA to 1~ its original value (19) . An absorptivity (absorbance of a 1 mg/ml solution) of 25 was used for estimating concentrations of DNA in the deoxyribonuclease reaction and of isolated RNA.
Isolation of Nucleic Acids
Nucleic acids from isolated basal bodies and pellicular fragments were isolated by two phenol extractions (17, 24) . Most samples were previously treated with sodium dodecyl sulfate (21) in the presence of bentonite, which inactivates ribonuclease (13) .
RESULTS
The appearance of the isolated pellicles under the phase microscope was similar to that shown by Child and Mazia (4) and was reproducible in all but one aspect, the degree of fragmentation. The number of pellicles appearing completely untorn varied from about one out of twenty to half in a EUGENE J. HOFFMAN Nucleic Acids of Basal Bodies given preparation. Macronuclei were never observed, but about one in twenty pellicles still contained some cytoplasmic particles, few of which were as small as basal bodies.
Sections of osmium tetroxide-fixed pellicular fragments (Figs. 1 and 2 ) demonstrated that the basal bodies were still firmly attached to the plasma membrane. In longitudinal sections, the membrane appeared curled outward for about 400 m# to either side of the basal body (Fig. 1, CP) and was otherwise randomly folded ( Fig. 1, P) . The basal bodies extended about 400 mtt below the pellicle (Figs. 1 and 2, B) and sometimes seemed interconnected proximally by structures that were probably kinetodesmal fibrils (28) . The ciliary shaft had broken off 50 to 100 m# above the level of the pellicle (Figs. 1 and 2 , S) so that cross-sections showing central filaments and ciliary membrane were easily found.
Doublet filaments (Figs. 1 and 2, F) were generally observed except for some longitudinal sections in which filaments might be construed as triplet, the usual structure for basal bodies (l 1). Whole organisms were embedded and sectioned and did have the usual triplet filaments in the basal body. Thus, one member of the triplet was apparently sensitive to some step of the procedure.
Under the phase microscope, quartz or fixationquartz preparations appeared similar to those of Seaman (reference 38, Fig. 2 ): a field of dots at about the resolution limit of visible light with fewer large cytoplasmic particles than observed in the original pellicular preparations. Ordered structures were not obvious in quartz-prepared particles, when embedded, sectioned, and examined under the electron microscope. However, fixation-quartz preparations similarly observed contained recognizable basal bodies (Figs. 3 and  4, arrows) . Comparison of longitudinal sections ( Fig. 3) with those from pellicular fragments ( Figs. 1 and 2) shows that the 400 m/~ of curled pellicular membrane (CP) and the 50-100 m~ of ciliary shaft (S) were still connected to the basal body. A great deal of membranous debris, typically curled, was also in evidence (Fig. 4, M) .
Observation of membranes attached to basal bodies prepared by the fixation-quartz method suggested that weakening the pellicular membrane might facilitate separation of the basal bodies. Ether, apparently by dissolving lipids of the membrane, did simplify breakage of the pellicle except for the oral apparatus, which was discarded. Under the phase microscope the particles isolated by the ether method appeared as a field of dots, similar to those shown by Seaman (38) , with a considerable number of pairs of unseparated basal bodies.
A direct method of electron microscopic observation was afforded by negative staining of whole material with phosphotungstic acid (20) . Pease (29) has shown that the filaments of sheared spermtail tips negatively stained by this method appear to be hollow tubes of a diameter comparable to that computed from cross-sections. The filaments of basal bodies might also be thus observable; however, since they are much shorter than those of sperm tail shafts, the crushing effect of the surface of the droplet as it dries might well derange the cylindrical bundle and flatten or break filaments. Basal bodies on a negatively stained pellicular fragment remained relatively unstained, and a tangle of filaments, 25 to 30 m~ in diameter, was seen in the stained area around the loci of basal bodies (Fig. 5, F) . The sections of pellicular fragments ( Figs. 1 and 2 ) suggest that only basal bodies can be the source of these filaments. The granular appearance in some areas is typical of phosphotungstic acid on irregular surfaces or around irregular objects.
Negatively stained ether-prepared basal bodies contained groups of about 25 filaments with few granules (Fig. 6, F; Fig. 7 ) and groups of granules with few filaments (Fig. 6, G) ; the former outnumbered the latter about two to one. The fila-FIGURE I An electron micrograph of a section through a pellicular fragment preparation. The pellicle (P) is folded at random except in the region of the basal body (B) where it curls outward (CP). The ciliary shaft (S) has broken off 50 to 100 mg above the pellicle, and doublet filaments (F) are observed throughout. A configuration resembling a 9-pointed star (A) occurs in cross-sections at a certain level. X 37,500.
FIGUaE ~ A longitudinal section of a basal body on a pellicular fragment. X 66,000,
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TEE JOURNAL OF CELL BIOLOaY • VOLUME 25, 1965 ments measured 25 to 30 m# in width and 150 to 450 m~z in length. The number of filaments per group and the occurrence of one partly intact triplet (Fig. 7, T) suggested that the isolated basal bodies may have contained some triplets. If pellicular fragments and ether-isolated particles were fixed with osmium tetroxide prior to drying, scattered filaments were no longer evident. Hence, the derangement of the basal body was a product of drying rather than previous preparation. Although the staining revealed little detail, basal bodies isolated by the ether method were thus shown to be essentially intact before drying on the grid. Table I presents the results of several determinations of nucleic acids in isolated pellicular fragments and isolated basal bodies, indicating that pellicular material in both preparations contained 0 to 1.0 per cent DNA and 1.2 to 2.6 per cent RNA. Fig. 8 is the ultraviolet absorption spectrum of the aqueous phase after phenol extraction of an isolated basal body preparation. Four different basal body preparations were extracted after treatment with sodium dodecyl sulfate and bentonite and exhibited increases in 260 m~ absorbance upon addition of ribonuclease (e.g. Table I , line 4).
D I S C U S S I O N
Morphology
The preparations of pellicular fragments and basal bodies resembled in situ structures in most but not all respects. One member was missing from most of the triplet filaments in pellicular fragments and hence in the isolated basal bodies. Since sections through the residual ciliary shaft indicated intact doublets and this pair is continuous with two members of the basal body triplet (16) , it must be the basal body's extra strand that was more weakly bound than the others. The disparity with the results of Argetsinger (1), who found intact triplets in isolated basal bodies, may be due to the difference in conditions of alcohol fixation.
The quartz isolation method produced further deformations unless the pellicles had been previously fixed. Nevertheless, since prior fixation with osmium tetroxide resulted in recognizable basal bodies, the dots observable by phase microscopy (38) may contain most of the elements of basal bodies though their native arrangement may be significantly disrupted.
The indirect evidence from negative staining suggests that the ether-isolated particles also closely resembled basal bodies in the pellicular shell. Argetsinger (1) has shown that pellicles can be broken by shear even without prior treatment with a solvent. Such methods are simpler and, if they prove to yield enzymatically active material, can probably replace quartz grinding.
The presence of ciliary shaft material in sections of pellicular fragments suggests its presence in all three kinds of basal body preparations. Shaft material has been demonstrated directly in fixation-quartz preparations as has a considerable amount of membrane, some of which is attached to the basal body; the granular material in the negatively stained ether-isolated basal bodies may also be interpreted as membrane fragments.
Thus, the preparations consisted mainly of pellicular material the bulk of which was basal FrGURE 4 A section through a fixation-quartz preparation. Oblique sections of basal bodies (arrows) can be recognized, and membrane fragments (M) are evident. X 81,000. FiaunE 6 Negatively stained ether-isolated basal bodies. A group predominantly of filaments (i v) and one mostly of granular material (G) are shown. X 61,500.
body including the proximal end of the ciliary shaft and excluding the third strand of the basal body filaments. T h e basal body preparations differed from the pellicular fragment preparations in their lower a m o u n t of visible cytoplasmic contamination and, for some, in their greater disruption of structures. 
Nucleic Acid Analyses
Evidence for small amounts of a substance in a cell extract leads one to ask exactly how much was present in the extract and whether the substance is really located accordingly in vivo.
The first question can be answered directly depending on the specificity of the analytical methods and the reproducibility of the results. Although the heterogeneity of natural nucleic acids, the duced by ribonuclease on the phenol-extracted basal body preparations, however, showed that RNA was present as a polymerized macromolecule.
The presence of DNA in the preparations is less certain since the amounts indicated were near the sensitivity limits of the assays. These amounts and those detected by Argetsinger (1) are less than ~ those reported by Seaman (38) FIGURE7 A group of filaments from negatively stained ether-isolated basal bodies. One triplet has remained partly intact (T). X 88,000. ubiquity of ribonuclease, and the lack of specificity of the color-test reagents decrease the accuracy of nucleic acid determinations in general (cf. reference 10), agreement of independent methods is reassuring.
For RNA, the preparations undoubtedly contained amounts about 2 per cent dry weight.
Furthermore, in cilia isolated from Tetrahymena pyriformis a 2.5 per cent content of orcinol-positive material, consisting of adenine and uracil nucleotides, probably indicates that free nueleotides only are present (3) . The absorbance increments propreparations of cells about to be ground with quartz (reference 38, Fig. I ).
Whether the approximately 2 per cent RNA and the less certain, lower amount of DNA are actually localized in the pellicle in situ could be definitely decided only by cytochemical methods. Some lines of indirect evidence, however, may be considered. First is the probable removal of contaminants during the purification steps. In Tetrahymena the bulk of the DNA is in the macronucleus, with small amounts in micronuclei; since little endoplasmic reticulum is present, most of the RNA is in ribosomes free in the cytoplasm (34) . Since pellicular fragments were sedimented several times at relatively low speed, extensive removal of macronuclear contents and ribosomes was likely.
Microscopic examination of the preparations showed that the material was indeed mainly of pellicular origin. The noticeable decrease in contaminating cytoplasmic particles during the step from pellicnlar fragments to basal bodies was not correlated with any obvious trend of change in nucleic acid content, so it is probably not those larger particles that bore the nucleic acids. A practical corollary of this conclusion is that for purposes of nucleic acid analysis the added step of basal body isolation from pellicular fragments by these methods is not really worthwhile. It further follows that the nucleic acids were likely bound in or on pellicular material or borne by entrapped particles. Nevertheless, the nucleic acids could still have been a residual contaminant bound to the peUicle during the isolation procedure.
Nucleic Acids and Self-Duplication
The formation of filament systems probably involves several events separable in time and location (33) . Both basal bodies and centrioles certainly influence those events determining spatial orientation in forming cilia, mitotic apparatus, and copies of themselves (25) , but hypothetical mechanisms for this influence based on current biochemistry are difficult to formulate.
Basal bodies and centrioles could further play a The general binding properties of nucleic acids to pellicular material are of interest and should be investigated. Another approach for future research should be to seek specific differences between the supposed pellicular nucleic acid and others of its chemical genus in the rest of the cell. If a difference exists, enrichment of the unusual species in even crudely isolated preparations, as has been demonstrated for example with chloroplast DNA (5), would suggest association with the isolated structure.
Finally, the basal body self-duplication hypothesis has suggested the presence of nucleic acids in the pellicle (cf. reference 38).
role at one or both of two other levels of morphogenesis: synthesis of component macromolecules and linking of the components. That the former is not a step governed by basal bodies and centrioles has been suggested by several observations. For example, protein serologically similar to that derived from isolated mitotic apparatus is present in the cell before mitosis (42); microscopic observations suggest that infraciliary filaments are formed, under the influence of basal bodies, from existing cytoplasmic material (35) .
Linking of the components remains as a possible morphogenetic step governed by centrioles and basal bodies. Thus, basal bodies may synthesize a molecule that links together macromolecular components previously synthesized elsewhere. If this linking agent is a protein, RNA must be present in the basal body. If DNA is present too, a greater variety of models can be envisaged, and the organelle may be almost as autonomous as a virus. Since the linking agent need not be a protein, however, an organelle that organizes morphogenesis even for duplicates of itself does not necessarily contain nucleic acids.
Although an association of nucleic acids with the basal body could reflect its role in morphogenesis, the nucleic acids have not been established as in situ constituents and are not necessary in all conceivable models of self-duplication.
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